ABSTRACT The efficiency of the microgrid (MG) system is depended on converter and power line losses. The loss of converter relies on the load condition whereas the power line loss is affected by the line impedance. Improving the efficiency of the MG system should consider both types of losses. This paper proposed a distributed coordination control strategy of distributed generation (DGs) in the MG system for efficiency improvement considering the losses of the converter and power line. A cost function considering both types of losses is defined. The diffusion algorithm is used in the secondary control of each DG to optimize the cost function. The diffusion algorithm finds the output power of each DG that provides the highest efficiency. Considering the minimization of the converter and power line losses, the system efficiency could be improved by reducing not only converter loss but also power line loss. The proposed control method could achieve accurate power sharing at the heavy-load condition. The performance of the proposed method is similar to the conventional power-sharing control scheme at the heavy-load condition. However, at the light-load condition, the efficiency of the MG system with the proposed method could be improved. The feasibility of the proposed control strategy is validated by real-time simulation using OPAL-RT Technologies.
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I. INTRODUCTION
The use of the power converters in the microgrid (MG) system has been increased significantly due to the high penetration of the distributed generations (DGs) such as renewable energy sources (RESs) and energy storage systems (ESSs) [1] - [4] . Since the number of power converters is increased considerably, improving the efficiency of the power converters and MG system is an important issue. It is well-known that the efficiency of the power converters is depended on the load condition [5] - [7] . The converter generally achieves high efficiency at heavy load condition. However, the efficiency of the converter is significantly reduced at light-load condition due to the considerable losses caused by the switching and gatedrive [8] - [10] . Light-load efficiency improvement is becoming important since most of DGs in the MG system operate at the light-load condition.
Various studies have been conducted to improve the lightload efficiency, such as soft-switching techniques [11] - [15] , variable switching frequency [16] - [18] , modularized converter topologies with phase shedding technique [19] , [20] . The soft-switching techniques could improve the efficiency of the converter over the entire load condition. However, both the converter controller and topology are complicated to implement. Variable switching frequency in which the switching frequency is reduced at light-load condition could improve the converter efficiency. However, a high current ripple at light-load condition is an adverse effect of this technique. Modularized converter topologies could offer the benefits of light-load efficiency improvement, high reliability, and ease of expansion [21] , [22] . However, the converter control system could be complicated to deal with the existence of the circulating current among each module.
Above techniques were proposed to improve the efficiency of a single converter. However, in the MG system, many converter-based DGs are operated in parallel. Thus, total system efficiency could be improved by the coordinated operation of DGs. In [23] , the power flow in the MG system is optimized to improve light-load efficiency. Additional tieline current measurement is added in the MG system to control power flow directly. In the heavy load condition, an accurate current sharing control scheme is used in this method to control power flow. In the light-load condition, tieline current control is activated to improve system efficiency. The drawback of this proposed method is the existence of transient when the controller is switched between light-load and heavy-load condition. Another approach to improve the system efficiency in the MG system is the system-level control strategy of a modular converter system in [24] - [26] . In the heavy-load condition, each module is operated at full load one by one. In the light-load condition, each module has the priority to operate at full load. However, this method also faces the problem of switching the controller according to the load condition.
The range of heavy-load and light-load conditions were defined in both previous methods, and they affected the control performance of the proposed methods. However, there is no analytical method to select the load condition for the controller. Besides, in the heavy-load condition, the losses caused by the distribution line could be significant due to the high transferred current, which could reduce the total efficiency of the MG system. However, the impact of the distributed line was not considered in previous studies.
To overcome the problems, this paper proposed a distributed coordinated control strategy of DGs to improve the efficiency of the MG system considering the impact of line impedance. The main contributions of this study are as follows:
A distributed coordination controller of DGs is proposed, which can maintain accurate power sharing at the heavy-load condition and improve the system efficiency, especially at the light-load and medium-load conditions. An optimization strategy using diffusion algorithm is proposed to improve the system efficiency by considering both converter and power line losses. The efficiency of the MG system could be improved by considering the losses caused by the converter and distribution line. A cost function including these losses is defined, and the diffusion algorithm is used to optimize the cost function. The output power of each DG is found by the diffusion algorithm considering the total system efficiency. In the heavy-load condition, the proposed controller not only ensures high efficiency but also maintain accurate power sharing. In the light-load condition, the proposed controller could improve the system efficiency considering the impact of line impedance.
Compared to the previous methods, the proposed method considers both converter and power line losses, which results in the highest system efficiency in the entire load condition. The proposed controller is not changed according to the load conditions, which results in the smooth operation of the converter system. Additionally, the uses of the diffusion algorithm in the proposed method to deal with the optimization problem could improve the reliability of the control system since there is no centralized controller. A comparison study on the proposed method and the conventional power sharing control strategy is presented to show the effectiveness of the proposed controller.
The rest of this paper is organized as follows. The power losses characteristic of the power conversion system is described in Section II, with typical efficiency curve of the power conversion system. In Section III, the diffusion algorithm is introduced, and the primary and secondary control 53348 VOLUME 7, 2019 based on diffusion algorithm is proposed. The simulation results of the proposed control strategy are dealt with in Section IV. Finally, Section V gives the conclusion. 
II. POWER CONVERTER LOSSES IN MG SYSTEM
A typical configuration of the MG system is shown in Fig. 1 , in which several power converters such as AC/DC or DC/DC converters are used to integrate DGs into the MG system. The distribution line is used to transfer power from DGs to the load. The losses of the MG system are mainly caused by the converter and the line impedance.
Although the technology of power converter is significantly improved, the losses of the power conversion systems are unavoidable and should be minimized. The power losses of the power conversion system mostly consist of switching power losses of semiconductor components and conducting power losses of parasitic resistive elements [27] , [28] . The total power losses (P L ) of the power device-based power conversion system is the sum of the conducting power losses (P L cond ) and switching power losses (P L sw ):
For these reasons, the total power losses of the power conversion systems are calculated depending on its output power since the power losses are related with conversion voltage and current values as shown in Fig. 2 [7] . Below 10% to 20% of output power, the efficiency of power conversion system is quite low, while the highest efficiency of power conversion system is reached between 70% to 90% of output power [7] .
The typical efficiency curve of the power conversion system is shown in Fig. 2 [7] . The efficiency function can be obtained from data as follow:
where, η is the efficiency of the power conversion system and p is the output power of the power conversion system. The total power losses of the power conversion systems in the system, which consist of n paralleled power conversion system can be calculated as follow:
where, V LL is the line to line voltage; I j is the output current of j th power conversion system; η j is the efficiency of j th the power conversion system. To improve the total efficiency of the system, the total power losses of power conversion systems in the system should be minimized. Assuming two inverter-based DG units with the same specification, such as capacity and efficiency in a microgrid, the total efficiency of microgrid can be shown in Fig. 3 . The power sharing ratio between two inverter-based DG units (k) is defined as:
where, P i is the output power of i th inverter-based DG units. For example, k = 0 mean that the power sharing value between two power conversion systems is the same. k > 0 mean that P 1 is large than P 2 while k < 0 mean that P 1 is smaller than P 2 . Fig. 3 shows the efficiency of the MG system with two converters. It can be seen that system efficiency relies on the load condition. At the heavy load, the system efficiency is highest with the value of 97.4% when the sharing ratio k is equal to 0, which presents equal power sharing between two DGs. At the light-load condition, the system efficiency is highest when the sharing ratio k is equal to +1 or −1, which means that one DG should supply the most power for the load. In order to achieve the highest efficiency, the ratio of power sharing between DGs should be changed according to the load condition. 
III. CONTROL OF INVERTER-BASED DG UNIT FOR EFFICIENCY OPTIMIZATION
The power sharing between each DG inverter-based unit using droop control do not guarantee higher total efficiency of the system because the output power of inverter-based DG units in a microgrid is decided depending on the droop coefficient, which can be calculated by using the capacity of DG unit. In this paper, the distributed control strategy based on a diffusion algorithm is proposed to improve the total efficiency of the system.
A. DIFFUSION ALGORITHM
Traditionally, the consensus algorithm is used for distributed information sharing between neighboring units [29] - [31] . The diffusion algorithm converges faster because it contains a stochastic gradient term. In additions, the diffusion algorithm can reach the optimization point since the diffusion algorithm can be included in the gradient of the cost function in the formulation. That is, the diffusion algorithm proceeds in two processes, such as (i) information sharing and (ii) optimization diffusion. The unit j is required to interact with the neighboring units N j (highlighted in Fig. 4 ). The information sharing by using communication between neighboring units is bidirectional. The nonnegative communication coefficient from unit i to unit j is defined as a ij , with n number of agents satisfying the following conditions:
where, N j is the neighborhood, or a group of units, within communication reach of unit j. The metropolis weights guarantee stability, good performance and the ability to adapt to changing topologies. These weights are formulated based on the communication constraints between units based on the current network topology. The metropolis rule (6) is applied to construct a symmetric, and doubly stochastic, A matrix.
where, n i , n j are the number of neighboring units of unit i and j; a ij = 0 when unit i and j are not connected.
The combine-then-adapt (CTA) diffusion strategy is implemented for information sharing (7) to reach an agreement on the total net power needed by the microgrid from the dispatchable assets [28] - [30] :
where, x i,k ∈ R denotes the state of unit i at time k, φ i,k is the intermediate variable for unit i at time k, µ i is a nonnegative updating parameter of unit i , andŝ i,k φ i,k−1 is the stochastic gradient for unit i of the intermediate state at time k. The stochastic gradient is simply calculated on the difference of from one iteration to the other; thus, each unit keeps track of its gradient and updates the combination of all its neighbors.
Similar to CTA diffusion for the estimation problem (8), CTA diffusion can be used for distributed optimization by adopting the gradient term of the cost function [29] - [31] .
where, ω i,k is the i th unit's estimate of ω at time k, and Fig . 5 shows the information sharing process of the diffusion-based secondary control strategy in this study. Each DG receives power information from the adjacent DGs. The net power is calculated by diffusion algorithm then the diffusion-based optimization is performed to find the power reference that maximizes the system efficiency. Finally, the output power of each DG is measured and sent to the adjacent DGs. 
B. CONTROL OF INVERTER-BASED DG UNIT IN MICROGRID
The control of each DG unit consists of primary and secondary control layer, as shown in Fig. 6. Fig. 6 shows the overall control block diagram of a distributed secondary control and primary control layer for each DG unit in the microgrid. The controller consists of separate modules: primary control layer and secondary control layer. In the primary control layer, the droop and reverse droop control was designed for basic power sharing. In the secondary control layer, the diffusion-based distributed controller was implemented to improve the total efficiency of the system. The controller of each DG unit exchanges information of its neighbors to generate the control signal for efficiency optimization. It can be seen that the controller of each DG unit is entirely distributed, which can be more flexible and reliable.
1) PRIMARY CONTROL
The DG units in the microgrid can be operated in two operating modes: grid-forming unit and grid-following unit [32] . Normally, the grid-forming unit is controlled in voltage control mode (VCM) and the grid-following unit is controlled in current control mode (CCM). Also, the grid-forming unit is applied in droop control while the grid-following unit is employed in reverse droop control. In this paper, the droop and reverse droop control are used for primary control of the grid-forming unit and grid-following units, respectively. The grid-forming and grid-following-based DG unit are shown in Fig. 7 . The output of droop (frequency and voltage amplitude) and reverse droop (power reference P and Q) control are obtained using (9) and (10) .
where, ω and E are the frequency and amplitude of voltage; k p and k q are the droop and reverse droop coefficient. The droop and reverse droop coefficients are designed according to (11) .
where, P max and Q max are the power rating of DG units; ω and E are the allowable frequency and voltage amplitude. It should be noted that real power may be equally shared by using the droop and reverse droop control.
Therefore, assuming the same capacity of all DG units, the DG units share the power equally regardless of the load condition. As mentioned in section II, if the DG units share the power equally in the light-load conditions, the overall system efficiency is the lowest. To improve the overall system efficiency, the diffusion-based secondary control strategies are proposed.
2) DIFFUSION-BASED SECONDARY CONTROL
The diffusion-based secondary control of each DG consists of two steps shown in Algorithm 1. First step is to find the demand power of the MG system based on the shared VOLUME 7, 2019 
end 10: end while 11: Demand power:
Step (ii): Optimization diffusion 13: Distributed optimization 14: while error < available value do 15: for all i < N do 16 :
subject to:
end 20: update based on condition 21: end while 22: Output: P G i information from the adjacent DGs. The average demand power is found by using the diffusion algorithm, then it is used to obtain the demand power of the MG system (P D ). The second step is to find the output power of each DG to maximize the efficiency of DGs and MG system, which is based on the diffusion optimization technique. In this step, the total output power of DGs is subjected to the demand power that is obtained by step 1. The effect of the network impedance (Z i ) on the system efficiency is also considered in the diffusion optimization algorithm. In step 2, the total efficiency of DGs is maximized by using the gradient of the global objective function in (12) .
where, J glob (ω) is the cost function(efficiency curve of each DG unit) of unit i; the real-valued vector of arguments ω ∈ R n , representing the power output of each DG unit. a, b, c, and d are the exponential coefficients (a = 103.3, b = −4.9 × 10 −2 , c = −15.2, and d = −2.57). These equations are used for the optimization diffusion algorithm to reach the optimization point. Fig. 8 shows the overall tested MG system that consists of the controllers and the physical components. The controller of each DG includes the primary control layer based on the voltage or current control loop, and the secondary control layer based on the diffusion-based distributed control. The distributed secondary controller of each converter is based on the diffusion algorithm.
IV. SIMULATION RESULT AND COMPARISON STUDY
The feasibility of the proposed method is validated by realtime simulation using OPAL-RT Technologies. The tested system in Fig. 8 is used to evaluate the performance of the proposed method. The test microgrid consists of three inverter-based DG units, including one VCM converter (DG 1 ) and two CCM converter (DG 2 and DG 3 ) in parallel and loads. Detailed parameters are shown in Table 1 .
Three cases are conducted in this study to show the effectiveness of the proposed method. The first case considers three DGs with the same capability in the MG system, and the second case considers three DGs with different capabilities. The third case shows the performance of the proposed method in the CERTS microgrid test bed. A comparison study on the proposed method and the conventional droop controller is presented in this section. A comparison study on the proposed method and the conventional droop controller is presented in this section.
A. CASE 1: THREE DGs WITH THE SAME CAPABILITY IN THE MG SYSTEM
It is assumed that three DGs have the same power rating of 3 kW in this case. The simulation is conducted with the increase of load from light-load condition to heavy-load condition (1kW to 8kW).
A comparison study on the proposed control and droop control strategy is shown in Fig. 9 . It can be seen in Fig. 9(a) that the power sharing among DG units is the same over the entire load condition. However, with the proposed method, the equal power sharing is achieved only at the heavy-load condition since the efficiency at such condition is highest. In the light-load condition, the power sharing between three DGs is different to improve the system efficiency, as shown in Fig. 9(b) . One DG supply mostly to the load power. In this condition, DG 3 is located closest to the load, thus the output power of DG 3 is highest to reduce the power line loss and improve the light-load efficiency.
The efficiency comparison is shown in Fig. 10 . It can be observed that system efficiency changes with the load condition. In the case of the conventional droop control strategy, the efficiency of the MG system is relatively low at lightload condition since all DGs supply the same power to the load. The proposed controller could improve the light-load efficiency by choosing DG 3 to generate the highest power. Fig. 10(a) shows the efficiency comparison when only converter losses are considered in the cost function. It can be seen that the system efficiency is highest at full load condition. However, when the converter and power line losses are considered in the cost function of the diffusion algorithm, the highest efficiency is achieved in the medium load condition because of the power line losses could be significant in the heavy-load condition. Fig. 11 shows that the derivation values (∇J ) of the efficiency curve for each DG unit. The gradient term is used for efficiency improvement in the proposed control strategy based on the diffusion algorithm. Therefore, the amount of VOLUME 7, 2019 FIGURE 11. Diffusion results (derivation value).
power of each DG unit is determined, according to the amplitude of the derivation value of the efficiency curve for each DG unit. It can be seen that when the droop control was used, the derivation values of the efficiency curve for each DG unit are always the same, because of the same output power among DG units. In the proposed control strategy, the derivation values are changed, according to load conditions. In Fig. 11(b) , the output power of DG 3 is the highest among three DG units because the derivation value of DG 3 is the lowest while the output power of DG 1 is the lowest, because of the highest derivation value of DG 1 .
B. CASE 2: THREE DGs WITH DIFFERENT CAPABILITIES IN THE MG SYSTEM
The performance of the proposed controller is validated in the case of the MG system consisting of three DGs with different capabilities. It is assumed that the power rating of DG 1 , DG 2 , and DG 3 are 9, 6, and 3 kW, respectively. Figs. 12 and 13 show the real-time simulation results of the proposed controller in this case. Fig. 12 shows the comparison on power sharing between three DGs. Similar to the case 1, in the droop controller, all DGs share power proportional to their power rating, as shown in Fig. 12(a) . DG 1 with highest power rating supplies highest power while DG 3 with lowest power rating supplies lowest power. The proposed controller could maintain accurate power sharing in the heavy-load condition, as shown in Fig. 12(b) . The power sharing of three DGs is different in the light-load condition to improve system efficiency. Fig. 13 shows the efficiency comparison on the proposed method and the conventional droop controller. Similar to case 1, the proposed control method could improve the system efficiency. 
C. CASE 3: CERTS MICROGRID TEST BED
The feasibility of the proposed control method is evaluated in the CERTS microgrid test bed shown in Fig. 14 . The CERTS MG consists of three DGs with the same capability of 60 kVA and four loads. To show the effectiveness of the proposed method at the light-load condition, two subcases are carried out in this case: Subcase 1: load 2 is the highest among four loads. Subcase 2: load 3 is the highest among four loads. The real-time simulation results are shown in Figs. 15 and 16. Fig. 15 shows the performance of power sharing among three DGs in both subcases. Fig. 15(a) shows the power sharing of three DGs with the conventional droop controller. It can be seen that the real power is shared equally between three DGs over entire load conditions. However, with the proposed method, at the light-load and medium load conditions, the output powers of three DGs are different to improve the efficiency of the MG system, as shown in Figs. 15(b) and (c). In subcase 1, load 2 is highest among four loads; the output power of DG 3 is highest because DG 3 is closest to load 2. Similarly, in subcase 2 where load 3 is highest, the DG 1 supplies the highest power among three DGs.
The efficiency comparison between the proposed method and the conventional droop control method is shown in Fig. 16 . With the droop controller, it can be seen that the efficiency of the MG system is relatively low at lightload condition because all DGs supply the same power to the load. However, the proposed controller could improve the efficiency of the MG system by selecting the DG that should supply the highest power for the load.
Figs. 16(a) and (c) show the efficiency of the MG system when only the converter loss is considered in the proposed method, whereas Figs. 16(b) and (d) show the efficiency of the MG system when both converter and power line losses are considered. It is observed that when both converter and power line losses are considered in the proposed method, the efficiency of the MG system is higher than the case of considering only converter losses. Compared to the conventional droop control method, the proposed method could improve the efficiency of the MG system in the light-load and medium-load conditions.
V. CONCLUSION
This paper has proposed a new coordination control strategy of the DGs in the MG system to improve the system efficiency. The feasibility of the proposed control method is evaluated in various cases including in the CERTS MG test bed. The efficiency of the MG system is improved by considering the reduction of converter and power line losses. A cost function including two loss factors was defined in this study. The diffusion algorithm has been used in the secondary control of the DGs to optimize the cost function.
The proposed controller could improve the light-load efficiency and reduce the power line loss based on the diffusion algorithm. At the heavy-load condition, the proposed strategy could maintain accurate power sharing, which is similar to the conventional droop controller. The proposed coordination controller in this study is applied for the secondary control layer, thus, it could be easily adopted in the DC MG system without affecting the functionally of the proposed controller. The proposed method is useful for suppling power to the MG system with multiple constant power load such as the CERTS MG test bed since the power line losses could be reduced.
In this study, machine-based DG with its specific efficiency curve was not considered in the proposed method. However, considering both the efficiencies of the converter and the machine could be an interesting topic, and this issue would be considered as our future work.
